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a  b  s  t  r  a  c  t
Carbon–nickel  nanocomposites  (C/Ni)  were  prepared  by sol–gel  method  after  the  incorporation  of  nickel
oxide (NiO)  nanoparticles  in  organic  matrix  based on  pyrogallol-formaldehyde  (PF).  The  nanocomposites
heated  under  inert  atmosphere  have  been  characterized  by various  techniques  such  as  X-ray  Diffraction
(XRD),  Scanning  Electron  Microscope  (SEM),  Transmission  Electron  Microscopy  (TEM),  and electrical  anal-
ysis. The  XRD  spectra  exhibited  the  presence  of NiO  or metallic  Ni  phase  in  amorphous  carbon  matrix  at
low pyrolysis  temperature,  while  at 1000 ◦C  the  graphite  structure  line  was  observed.  The TEM  images
indicate  the  presence  of  multiwall  carbon  nanotubes  (MWNT)  around  Ni nanoparticles  for  the  sampleol–gel
arbon nanotubes
witching
egative differential resistance
treated  at  high  pyrolysis  temperature.  The  AC conductance  shows  that our  nanocomposites  have  two
behaviors:  semiconductor  and  metal,  depending  on the pyrolysis  temperature.  The  voltage–current  V(I)
characteristics  of  the compound  show  two different  regions:  an  Ohmic  region  at  low  current  and  a  nega-
tive  differential  resistance  (NDR)  region  at  higher  current.  This  switching  phenomenal  behavior  has  been
explained  by an  electrothermal  model.
© 2015  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND. Introduction
Carbon–nickel (C/Ni) nanocomposite materials received great
ttention because of their application in a variety of processes,
specially the growth of carbon nanowires and nanotubes [1–3],
xidation of alcohols in methanol and ethanol fuel cells [4,5], and
ydrogenation of various organic compounds [6,7]. C/Ni nanocom-
osites could be attractive for hydrothermal gasiﬁcation of organic
ompounds [8,9], application in electrochemical devices as sensors
10], and electrodes [11], or hydrogen storage [12,13].
In our work, these nanocomposites were prepared by the
ol–gel method followed by a heat treatment at different pyrol-
sis temperatures. During carbonization, which takes place over
he range 500–1200 ◦C, the physical properties undergo strong
odiﬁcations [14]. This evolution is experimentally related to a
oss of heteroatoms (mainly hydrogen atoms) during the pyrolysis.
he process of carbonization appears as a solid-phase nucleation.
n fact, the loss of hydrogen promotes the production of bi-
imensional microlayers through a genuine polymerization [15].
he resulting crystal nuclei allow the development of crystallites
n the case of graphitizable carbons.
∗ Corresponding author. Tel.: +216 97901939.
E-mail address: Nabil.Benmansour@fsg.rnu.tn (N.B. Mansour).
ttp://dx.doi.org/10.1016/j.apsusc.2015.02.084
169-4332/© 2015 The Authors. Published by Elsevier B.V. This is an open access article unlicense (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Recently, the negatrons have been subject to several researches.
They are widely used for the manufacture of electronic devices
[16–18]. In fact, the negatrons have the negative value of a basic
differential parameter such as; resistance, inductance, and capac-
itance. We  can have the electrical switching phenomenon in
negatrons. This phenomenon has from the beginning, attracted
considerable interest [19]. It is one of the numerous interest-
ing effects arising in strong electric ﬁeld [20]. The phenomenon
has been observed in a great number of crystalline, amorphous,
and liquid semiconductors [21–23]. Melanin was shown to pro-
cess a high conductivity state and negative differential resistance
NDR [24]. A synthesis of one-dimensional organic molecules has
demonstrated NDR using a molecular sized junction at low tem-
perature and room temperature [25,26]. Logic operations have
been demonstrated using NDR devices made with organic materials
[27,28].
In this paper, we present the different properties of
organic–inorganic nanocomposites PF/Ni. Multiwall carbon
nanotubes were observed around the nickel particles at high
pyrolysis temperature. The dc conductivity exhibited the presence
of conduction percolation phenomenon, and the dominance of
3D-GVRH conduction model in the studied materials. The AC
conductance shows that the nanocomposites have two behaviors
which depend on the pyrolysis temperature: semiconductor
and metallic. The V(I) characteristic indicates the dominance of
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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he electrothermal model with the appearance of NDR at room
emperature in the sample treated at 600 ◦C.
. Experimental
.1. Sample preparation
NiO nanoparticles were ﬁrst prepared by sol–gel process using
he nickel (II) chloride (NiCl2, 6H2O) precursor in a mixture of
ethanol solution. After 15 min, under magnetic stirring at room
emperature, the solution was then placed in an autoclave and dried
n supercritical condition of ethyl alcohol. The obtained aerogel was
nnealed at 500 ◦C in air for 2 h.
The synthesis of our samples has been accomplished in three
teps. In the ﬁrst one, organic wet gels were prepared by mixing
ormaldehyde (F) with dissolved pyrogallol (P) in water (W)  solu-
ion, using picric acid as a catalyst, and nickel oxide (NiO) as an
ncorporated element with 5% of mass ratio. In the second step, the
btained wet gels were dried in humid atmosphere at 50 ◦C for two
eeks. To obtain a structured xerogel, the sample was transferred
n an incubator and dried at 150 ◦C at a heating rate of 10 ◦C/day.
he drying temperature was then maintained for two  days. In the
resent study, the thermal treatment was carried out in a tubu-
ar furnace under nitrogen atmosphere between 600 ◦C (PF/Ni-600)
nd 1000 ◦C (PF/Ni-1000). Each sample was heated up to the desired
yrolysis temperature with a heating rate of 5 ◦C/min. A constant
elected pyrolysis temperature was then maintained for 2 h. After
hat, the sample was cooled naturally. The samples for electrical
easurements were prepared by sculpting monoliths on a paral-
elepipedic shape (10 × 5 × 2) mm3 and silver paint on two parallel
aces. The latter was used to assure Ohmic contacts.
.2. Characterization techniques
The (XRD) patterns of nanocomposites were obtained by a
ruker D5005 diffractometer, using Co K radiation ( = 1.78901 A˚).
he synthesized products were characterized using a JEOL JSM-
310 scanning electron microscope (SEM) and a JEOL-100 C
ransmission electron microscope (TEM). Electrical measurements
n a temperature range of 80–300 K were carried out under vacuum
sing a liquid nitrogen cryostat. Voltage–current measurements
ere performed using a computer-controlled setup comprising an
gilent 34401A multimeter and an Keithley 220 current source. The
C impedance measurements were obtained over a wide frequency
ange from 40 Hz to 100 MHz  using an Agilent 4294A impedance
nalyzer. An alternating signal with voltage amplitude of 50 mV
as employed to measure conductance G in a parallel mode.
. Results and discussions
Fig. 1 shows the X-ray diffraction for different nanocompos-
tes PF/Ni. From these diffractograms patterns, three peaks appear
round 43◦, 51◦, and 74◦, which are identiﬁed respectively to lat-
ice planes (202), (122), and (223), corresponding to the structure of
ickel oxide for the xerogel PF/Ni-150. After heat treatment under
n inert atmosphere for two hours at 650 and 1000 ◦C, we note the
resence of two peaks of metallic nickel around 52◦ and 61◦, which
re the reductions of nickel oxide. They are identiﬁed, respectively,
o plans (200), and (220). A line corresponding to the structure of
raphite observed around 30◦ for the sample treated at 1000 ◦C is
ttributed to lattice plane (020).
The average grain size G can be calculated using the Scherrer
quation [29]:
 = 0.9
B cos B
(1)Fig. 1. XRD patterns of different PF/Ni nanocomposites.
where  is the X-ray wavelength, B is the maximum of the Bragg
diffraction peak (in radians) and B is the line width at half max-
imum.  After a correction for the instrumental broadening, the
average value of the crystallites was  found of about 35 nm for nickel
oxide, 25 nm for metallic nickel, and 10 nm for the graphite.
The SEM images for the studied PF/Ni nanocomposites are illus-
trated in Fig. 2. According to these images, the increase of the
pyrolysis temperature contributed to the agglomeration of the
microparticles.
TEM images performed on the NiO nanoparticles and the PF/Ni-
650 samples are shown in Fig. 3. We  notice in Fig. 3a that the
average size of NiO nanoparticles is about 35 nm.  The TEM image of
PF/Ni-650 (Fig. 3b) indicates that material was composed by metal-
lic nickel nanoparticles dispersed in amorphous carbon matrix. It
is worthwhile to notice that nickel oxide was  reduced to metallic
nickel which leads to the decreasing of the nanoparticles size.
For the nanocomposites treated at high pyrolysis temperature
(700 and 1000 ◦C), the TEM images in Fig. 4 show the appearance
of carbon nanotubes around the nanoparticles of metallic nickel.
Obtaining these carbon nanotubes has been explained by several
models, such as carbon ﬁlament growth model proposed by Baker
[30], itself has adapted the model of silicon ﬁlaments proposed by
Wagner and Ellis [31]. Note that these models are also the basis for
the germination and growth mechanisms at high temperatures. The
Ni nanoparticles were like a germination center where on the sur-
face of these nanoparticles, the amorphous carbon is exploded to
the carbon nanotubes. The nanotube growth comes from the differ-
ence between the surface tension of the nanoparticles of Ni, which
is very high due to its nanoscale size, and the low surface energy
of graphite [32]; we note that this growth mechanism is similar to
that of high-temperature processes based on the minimization of
the surface energy of the carbon/nanoparticle system.
Fig. 5 shows the TEM images of carbon nanotubes observed in
the nanocomposite PF/Ni-1000. It is the multiwalled carbon nano-
tubes (MWNTs) with the inter-plane distance of 0.34 nm. They are
equivalent approximately to the distance between the graphene
layers in a graphite crystal [33].
The physics and mechanics of bimaterial interface adhesion
have been developed to a level comparable to that for cohesion
in homogeneous, isotropic solids [34–36]. Strong adhesion is gen-
erally caused by capillary, electrostatic, van der Waals forces, and
other kinds of chemical forces [37,38]. In our study, since the char-
acteristic dimension of carbon nanotubes is down to nanometers,
there is a strong adhesion between carbon nanotubes and the Ni
nanoparticles, due to van der Waals forces [38].
160 N.B. Mansour et al. / Applied Surface Science 337 (2015) 158–165
Fig. 2. SEM images of: (a) PF/Ni-650 and (b) PF/Ni-1000.
Fig. 3. TEM micrograph of: (a) NiO nanoparticles and (b) PF/Ni-650.
Fig. 4. TEM micrograph of: (a) PF/Ni-700 and (b) PF/Ni-1000.
Fig. 5. TEM micrograph of MWNTs in PF/Ni-1000.
N.B. Mansour et al. / Applied Surface Science 337 (2015) 158–165 161
1000900800700600
10
-5
10
-4
10
-3
10
-2
10
-1
10
0
 Experimental
 The oretical fit
Pyrolysis temperature (°C)
C
o
n
d
u
c
ti
v
it
y
 (
ΩΩ
−−
11 .
 c
m
-1
)
F
o
p
i
8
o
t
T
i
t
n
[
o
t
t
n
d

w
p
a
1
t
10
1
10
2
10
3
10
4
10
5
10
6
10
-6
10
-5
10
-4
10
-3
  80 K
 100 K
 120 K
 140 K
 160 K
 180 K
 200 K
 220 K
 240 K
 260 K
 280 K
 300 K
ω (Hz)
G
 (
S
)ig. 6. DC conductivity vs pyrolysis temperature for different PF/Ni nanocomposites.
The room temperature bulk conductivity results as a function
f the pyrolysis temperatures for PF/Ni nanocomposites, and are
lotted in Fig. 6. From this ﬁgure, one can notate that conductiv-
ty changes markedly in the transition region between 650 and
00 ◦C showing a characteristic of percolation behavior. This change
ccurs near the percolation threshold. In this work, the percola-
ion threshold can be deﬁned by critical conduction temperature Tc.
his percolation phenomenon was also observed in other studies;
n nano-carbon based on pyrogallol–formaldehyde xerogel par-
icularly by L. El Mir  et al. [39,40], and in electrical conducting
anoporous carbon structures based on resorcinol-formaldehyde
41,42]. In these studies, we have not properly explained the origin
f the evolution conductivity as a function of pyrolysis tempera-
ure. For against, the carbon nanotubes observed at high pyrolysis
emperature conﬁrms the increase of conductivity in the PF/Ni
anocomposites.
The dashed line in Fig. 6 represents the ﬁt to the experimental
ata using the following equation [39]:
 = A(T − Tc)n (2)
here  is the sample bulk conductivity, T is the pyrolysis tem-
erature, Tc is the critical conduction temperature, A is a constant
nd n the critical exponent. The best ﬁt was obtained for A = 6.1
0−7 −1 cm−1K−n, Tc = 610 ◦C, and n = 2.3. The obtained value of
he critical exponent seems to be in agreement with the theoretical
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value of n = 2.25 for a percolation network in polyvinylidene ﬂuo-
ride expanded graphite composites (PVDF/EG) [43].
The study of AC conductance shows the effect of pyrolysis tem-
perature on the behavior of our samples. Indeed, for low pyrolysis
temperature (PF/Ni-650), the behavior is a semiconductor (Fig. 7).
The conductance was expressed by Jonscher [44]:
G(ω) = Gdc + Aωs (3)
where Gdc is the dc conductance, A is a pre-exponential factor and
s is the frequency exponent. For this sample, from the variation of s
with measurement temperature, we found that the CBH (Correlated
Barrier Hopping) model of conduction is dominant [45].
In the sample treated at the pyrolysis temperature intermediate
700 ◦C (Fig. 8a), the two semiconductor and metallic behaviors are
present. Indeed, for high frequencies, when T < 200 K the behavior
is semiconductor, and it is metallic for T > 200 K. In the metallic
behavior, the ac conductance was  expressed by Drude [46]:
G (ω) = Gdc
1 + ω22 (4)where  is the relaxation time.
At the measurement temperature 200 K (Fig. 8b), the ac conduc-
tance decreases and increases at high frequencies. This variation of
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he ac conductance was adjusted by the sum of two equations (3)
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(ω) = Gdc
1 + ω22 + Aω
s (5)
This rate shows the presence of two behaviors at 200 K in this
ample. The theory ﬁts using Eq. (5), given that  = 3.5 10−6 s, and
 = 2.
For the nanocomposite treated at high pyrolysis temperature
000 ◦C (Fig. 9), it can be seen that the curve of AC conductance
ecreases with measurement temperature and frequency, indicat-
ng that the metallic behavior is dominant in the whole range of
he frequency.
Fig. 10a and Fig. 10b show respectively, ln(dc) vs T−1/4, and
1/4n(0) vs T0 for different PF/Ni samples. It can be seen that for all
amples, treated at different pyrolysis temperatures, curves exhibit
inear shapes indicating that the 3D-GVRH (3D-Godet Variable
ange Hopping) mechanism may  be appropriate to describe the
emperature dependence of conductivity in these nanocomposites
47]. In this model, when the interaction between charge carriersis
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Fig. 11. Variation of DC conductivity vs 1000/T for different PF/Ni nanocomposites.
neglected, the dc conductivity is given by:
dc = 0 exp
(
−T0
T
)1/4
(6)
where 0 is a constant, T is the temperature of measure, and T0 is
the Godet characteristic temperature, given by Eq. (6) [48,49]:
T0 ∼= 310
˛3
N (EF ) kB
(7)
where N(EF) is the density of states, 1/  is the decay length of
the localized wave function was assumed to 10 nm from graphite
XRD patterns using Scherrer equation, and kB is the constant of
Boltzmann.
In Table 1, it is clear the values of T0 decreases with the increas-
ing of pyrolysis temperature while N(EF) increases. This may be
attributed to the formation of new states responsible for charge
transport [50–52].
Fig. 11 presents the variation of ln(dc) vs 1000/T. The curve
exhibits activated temperature dependence in accordance with the
equation [53]:
dc = A exp
(
− Ea
kBT
)
(8)
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w
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t
p
ld):  PF/Ni-650 and (e): PF/Ni-700 at various measurement temperature.
here A is the pre-exponential factor including charge carrier
obility, and Ea is the activation energy for conduction.
Table 2 shows that the energy of activation decreased with
ncreasing pyrolysis temperature, which conﬁrms the variation of
he density of states in Table 1.
The study of the characteristic V(I) of different PF/Ni nanocom-
osites is illustrated in Fig. 12. In the samples treated at
ow pyrolysis temperature (PF/Ni-600 (Fig. 12c) and PF/Ni-650(Fig. 12d)), it is clear the apparition of two distinct regions;
the OFF state and negative differential resistance (NDR) regions.
Basically, switching consists in a transition from a state of
high resistance (OFF) to low resistance (ON). The transition
is generated by the application of a speciﬁc current, as the
threshold current Ith corresponds to a threshold voltage Vth.
For the PF/Ni-700 nanocomposite (Fig. 12e), the NDR does not
exist.
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The temperature of the nanocomposite is raised due to Joule
heating with the applied current. Since the conduction process in an
amorphous material is of an activated type [64], the conductivity ofT (K)
Fig. 13. Temperature dependence of: (a) threshold voltag
The maximum applied current changes the properties of our
amples. Indeed, the material becomes more conductive after the
pplication this current [54]. Fig. 12a and Fig. 12b show the change
f the characteristic V(I) with the maximum current applied to
ur samples with the presence in the two paths (ascending and
escending) of the NDR phase at low measurement temperature.
ur samples are stable provided it does not increase the maximum
urrent. We  varied the measurement temperature and we found
he presence of NDR phase at room temperature in PF/Ni-600.
The non-Ohmic behavior is most likely due to a tunneling mech-
nism conduction which may  occur by electron hopping from the
anoparticles to the adjacent ones when they are close enough. The
DR phenomenon may  be caused by the formation of metallic ﬁla-
ents which carry the most of current and the electrons may  jump
asily from one particle to another when the distance between par-
icles is within several nanometers [55]. Other possible origins of
his behavior have been proposed, such as the effect of the charge
ensity wave, and quantum tunneling effects [56,57].
Fig. 13a presents the variation of Ith and Vth vs measurement
emperature for PF/Ni-600 sample. It is clear from the ﬁgure that as
he temperature increases, the threshold voltage decreases, while
he threshold current increase. This indicates that an electrother-
al  model is involved in the switching process [58].
The electrothermal model is based on existing interactions
etween mobile electrons, electrons trapped in localized surface
tates (interface, crystalline zone), and residual mobile ions or
reated by electrodissociation. These interactions can lead to the
ormation of channels through which the energy stored in the sam-
le could dissipate. Physically, the NDR in this case is due to an
ncrease of the temperature in the channel which compensates the
oltage decay. More as the current in the channel, the higher the
able 1
alues of characteristic temperature T0 and density of states N(EF) at different pyrol-
sis  temperatures.
Pyrolysis temperature (◦C) 600 625 650 675 700
T0 × 106 (K) 3.2 1.8 0.25 0.19 0.03
N(EF) × 1018 (eV −1 cm −3) 0.1 0.2 1.4 1.9 12
able 2
he values of activation energy at various pyrolysis temperatures.
Pyrolysis temperature (◦C) 600 625 650 675 700
Ea (meV) 115 102 89 68 48T (K)
threshold current and (b) threshold power for PF/Ni-600.
latter is heated. The heating of the channel causes an increase in
the conductivity, and thus, more current can ﬂow in the channel
due to the decrease of the resistivity.
The dependence of the threshold power Pth = VthxIth on mea-
surement temperature, in the domain shows a NDR phase, which
is plotted in Fig. 13b. One can see that Pth increases when there is an
increase in temperature. The Pth follows a Gaussian behavior and
reaches a maximum value (0.18 W)  corresponding to 300 K.
Fig. 14 shows the variation of threshold voltage Vth vs 1000/T for
the PF/Ni-600 nanocomposite. The threshold voltage Vth satisﬁes
the following equation [59]:
Vth = V0 exp
(
E′a
kBT
)
(9)
where V0 is the pre-exponential factor and Ea ′ is the threshold
voltage activation energy equal to 45 meV.
It is observed that the mean value of the ratio Ea ′/Ea = 0.389 is
in good agreement with that obtained previously [60,61] for other
amorphous semiconductors as well as with its values derived the-
oretically on the basis of an electrothermal model [62,63] for the4,24,03,83,63,43,2
4x1 0
1
5x1 0
1
1000/T (K
 -1
)
V
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 (
V
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Fig. 14. Temperature dependence of threshold voltage for PF/Ni-600.
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he sample will increase when heated. This will allow more current
o ﬂow through the heated region and allow more Joule heating.
ltimately, the temperature rise will be adequate to initiate a ther-
al  breakdown owing to the strong temperature dependence on
he conductivity.
For a small temperature difference (T = Tm−Ts) between that
f the middle of the specimen Tm and that of the surface Ts in the
ase of steady-state breakdown [65]:
Tbreakdown =
T2kB
Ea
(10)
	Tbreakdown for the sample equal to 67 K at room temperature of
easure is in the same order with those obtained earlier [66]. The
greement between the obtained values of the ratio Ea ′/Ea and that
alculated theoretically, mentioned above the switching process,
an be explained according to the electrothermal model.
. Conclusion
In this work, we have investigated the inﬂuence of the pyrolysis
emperature on the structural, morphological and electrical prop-
rties of PF/Ni nanocomposites synthesized by sol–gel method. The
RD analysis shows the presence of graphite structure in the sam-
le treated at 1000 ◦C. The TEM micrographs show the presence
f multiwall carbon nanotubes (MWNT) around Ni nanoparticles.
mportant variation of the dc conductivity was observed depending
n pyrolysis temperature. This behavior was related to the presence
f a percolation phenomenon. The ac conductance shows that our
anocomposites have two behaviors: semiconductor and metallic,
epending on the pyrolysis temperature. The V(I) characteristics of
F/Ni nanocomposite treated at 600 ◦C indicated the appearance
f a negative differential resistance (NDR) at room measurement
emperature. The obtained materials are promising for switching
evice applications.
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